We propose that protein translocation across lipid bilayers is driven by biased random thermal motion. This "Brownian Ratchet" mechanism rests on the assumption that there is a chemical asymmetry between the cis and trans sides of the membrane. Several mechanism could contribute to rectifying the thermal reptation of the protein, including binding and dissociation of chaperonins to the translocating chain, a pore-associated ATPase, pH and/or ionic gradients, glycosylation, disulfide bond formation, and chain coiling. The model is applicable to transport of both RNA and proteins, and helps explain the robustness and promiscuity of these transport systems.
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3 the chain and pull it across; (iii) the energy associated with post-translocational folding might "pull" the chain through the membrane. (iv) Electrochemical gradients across the membrane (e.g. ∆pH or other ionic gradients) may drive translocation. Unfortunately, none of these ideas are sufficiently general to account for all of the observed forms of protein translocation. Since numerous proteins can translocate across the membrane posttranslationally ribosomal-based chain elongation is unlikely to provide the energy for translocation (9) . A pump that mechanically pulls proteins across would have to bind tightly enough to move the translocating peptide; however, it would have to bind with little specificity, since translocated segments vary considerably in their polarity and charge. There are no universally present transmembrane gradients that could affect all proteins, and in any event the diversity of charge in macromolecules precludes electrophoretic forces as a general mechanism. Indeed, there appears to be nothing special about a protein destined for translocation: almost any cytosolic protein will be translocated if given a signal sequence.
Of course, translocation surely requires a driving force, but what process can fulfill the apparently contradictory thermodynamic requirements of being both powerful and fast enough, as well as being nonspecific? One answer is Brownian motion. If the unfolded translocating chain were in a transmembrane aqueous tunnel, thermal fluctuations would drive random displacements in both directions. Asymmetries in the system that bias the "random walk" of the protein could drive directional movement. In this paper we demonstrate this by constructing a mathematical model of the translocation process.
Can a Brownian ratchet account for the observed rates of protein translocation?
The quantity 1 2 k B T = (Boltzmann's constant) x (absolute temperature) ≈ 4.1x10 -14 erg [= dyne-cm] is a rough measure of thermal kinetic energy per degree of freedom at physiological temperatures. Feynman designed a "Brownian ratchet" to demonstrat that it is possible to extract work from random thermal fluctuations, providing a temperature gradient ia available (10) . There are no significant temperature gradients within a cell, and so the Second Law of Thermodynamics assures us that this thermal energy is unavailable to perform useful work.
However, chemical reactions can play a similar role in rectifying random thermal motions (11; 12) . That is, different chemical reactions on the cis (synthesizing) or trans (target) sides of a membrane can bias the Brownian movements of the translocating chain. 1 The mechanistic question of how to convert this energy into directed motion cannot be answered by thermodynamics; for this we must turn to molecular mechanics. 1 For example, ATP hydrolysis taps into about 8.3x10 -13 erg/molecule ≈ 20 kT of chemical bond energy under cellular conditions.
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The model
For our first example we examine the post-translational translocation of a protein from the cis to trans side of a membrane. We address the processes that begins after the initial proximal tip of the protein is threaded through the channel (this initial threading is a separate physical process which we shall discuss elsewhere). To traverse the TP a protein must be in an unfolded conformation. This is probably accomplished for post-translational proteins by the binding of chaperonins, and for cotranslational proteins by the ribosome itself. Brownian motion will cause the protein to fluctuate back and forth through the TP, but with no net displacement in either direction. If a chemical modification of the protein occurs on the trans side of the membrane which prohibits the chain from diffusing back through the pore, the chain will be ratcheted towards the trans side. The model rests on two essential assumptions. First, the protein is maintained in an unfolded conformation so that it is free to reptate back and forth through the TP. Second, there are chemical asymmetries-which we specify later-that rectify the protein's movements. Both assumptions are strongly supported by experimental data.
A number of observations support the notion that a translocating polypeptide is free to reptate back and forth.
First, if a nascent translocating secretory polypeptide is released from its cytosolic ribosome, the polypeptide traverses the membrane and enters the lumen of the endoplasmic reticulum (1). Thus, without the input of additional energy, the 40 amino acids of the polypeptide in the ribosome, and some 20 amino acids spanning the membrane, freely traverse the bilayer. Second, a nascent translocating polypeptide can be extracted from the membrane with mild conditions that leave the membrane structure intact (13) . Third, releasing translocating chains from the membrane reveals the presence of large aqueous pores, presumably the protein-conducting channels (8) .
There are several known chemical asymmetries that could bias the Brownian walk of a chain. As a polypeptide emerges from the translocation apparatus, often before much of the protein has been synthesized, the chain is subjected to glycosylation (14; 15), formation of disulfide bonds, cleavage of the signal sequence (which affects folding of the chain, and binding of chaperonins (16) . Any, or all, of these can induce the asymmetry in the system required for the Brownian ratchet. For illustrative purposes, we will focus first on a Brownian ratchet implemented by the binding and dissociation of chaperonins.
Consider a protein in the process of translocating, as shown in Figure 1 . The polymer's thermally driven random walk will eventually translate the free segment through the pore to the trans side of the membrane. Is this process 
The solution of these equations enables us to compute the rate of translocation (e.g. residues/sec) as a function of chain flexibility, differential coiling potentials, pore characteristics, and the kinetics of chain modification (chaperonin binding/dissociation, glycosylation, etc.). However, for three-dimensional polymers of significant length this is a formidable numerical task. We shall report on these calculations more completely elsewhere; here we confine our attention to a one-dimensional version of the Brownian ratchet model.
Figure 1. (a)
A protein in the process of passing through the translocation pore. Chaperonins keep the polymer chain unfolded enabling it to enter the pore. A protein fluctuates back and forth in the TP until a chaperonin comes close enough to the pore-bound ATPase, whereupon it is stripped from the chain. This allows a segment of the polymer to diffuse through the pore. When the segment exits from the pore it is bound by a lumenal chaperonin, which prevents the segment from fluctuating backwards through the TP. (b) A 1-dimensional model of a flexible protein chain diffusing through the translocation pore. Each node experiences elastic forces from the neighboring nodes, random and viscous drag forces from the fluid surroundings, and-if a chaperonin is bound to the node-a repulsive force from the translocation pore. 2 If a chain 100 nm long, with a diffusion coefficient of D = 10 -8 cm 2 /sec, is allowed to diffuse freely, it will take approximately T ≈ l 2 2D = 0.002 sec to diffuse its own length. This approximation is not too accurate, however, since it assumes that the chain is a structureless point mass. An accurate estimate must take into account the extended geometry of the chain, its accompanying elastic flexibility, and the constraint of the pore on its entropic configurations.
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In equation (1) the pore force depends on whether or not a particular node is "ratcheted". For the purpose of the following discussion we will refer to the specific case of a translocating chain being ratcheted by binding chaperonins on the trans side of the membrane. However, as we shall discuss below, other chain modifications can effect a Brownian ratchet as well.
Chaperonins on the cis side of the membrane control the rate of translocation as well. For a chain to translocate through the TP chaperonins must keep it in an unfolded, linear configuration. Moreover, to enter the pore a segment must release its bound chaperonin. If the binding affinity of the cis chaperonins were small enough to frequently free up a segment for diffusion into the TP, the chain could not be held in its requisite linear configuration. Thus, we are led to postulate the existence of a pore-associated ATPase that dissociates the chaperonin from the chain.
THE MAXIMUM TRANSLOCATION RATE
The assumptions required by the Brownian ratchet model are supported by experimental observations. However, the plausibility of the model rests initially on whether it supports an adequate translocation rate. Conditions that maximize the translocation rate are: (i) each node of the chain is ratcheted on the trans side, (ii) the binding of a chaperonin is instantaneous, and (iii) chaperonins are instantaneously dissociated from the cis side of the chain upon reaching the TP. Consider the following scenario of a 1-dimensional chain translocating through the TP, as shown in Figure 1b . We begin the computation with the chain just threaded through the pore, and compute the motion until the leftmost node just clears the membrane; this is the translocation time, . We model the polypeptide as an elastic chain between 5 and 75 nm long, with potential ratcheting sites at 5 nm intervals. Since the pattern of random forces is always different the chain will follow a different trajectory for each simulation.
Repeated calculations yield a distribution of translocation times whose mean value, 〈 〉, we can compute by averaging. Figure 2a 
VARYING THE KINETICS OF RATCHETING
In the above calculations binding of chaperonins on the trans side was assumed to be instantaneous. We next investigate the effect of finite rates of attachment and detachment on the translocation time. Figure 3a shows the translocation time as the binding rate constant, k b , is varied over several orders of magnitude for a chain of L = 45 nm with ratcheting sites every δ = 5 nm apart. At high binding rates, the velocity is independent of k b since the motion is limited by the diffusion of the rod. As the binding rate is decreased, however, the efficiency of the ratchet mechanism decreases.
THE EFFECT OF CIS SIDE CHAPERONINS
Since chaperonins cannot enter the TP the translocation velocity is also limited by the rate at which chaperonins are stripped from the chain on the cis side. We have assumed that this dissociation is catalyzed by a poreassociated enzyme, perhaps an ATPase. The maximum velocity corresponds to the case where the kinetics of cis dissociation and trans binding are instantaneous, so that translocation is diffusion limited. Figure 3b shows that when the rate of cis dissociation falls below about 500 removals/sec, the velocity varies approximately linearly with 
ANALYTICAL MODELS
In Appendix B we give an analytical estimate of the maximum average translocation velocity, 〈v〉 max , when the chain is rigid, and the kinetics of cis dissociation and trans binding of chaperonins are fast 3 . In this case, 3 A lthough the center of mass of a flexible chain will diffuse more slowly than a rigid chain, a flexible chain will translocate faster than a rigid chain so long as δ << L. This is because each node in an elastic chain can fluctuate somewhat independently of the chain as a whole, which allows a node to fluctuate out the right side of the TP,
where D is the diffusion coefficient of the chain, δ is the distance between chaperonin binding sites, k This 1-dimensional calculation cannot take into account the effects of chain coiling very well; for this the full 3-dimensional calculation must be carried out. Nevertheless, both our numerical and analytical calculations demonstrate that the Brownian ratchet mechanism is quite sufficient to account for the observed rates of translocation.
Other mechanisms for a Brownian ratchet
The thermal ratchet model presented above depends on the asymmetry of chaperonin binding to the translocating chain. There are several other physical mechanisms that can also bias reptation of the chain. We list a few here.
DIFFERENTIAL BINDING
Any ligand that binds differently on the two sides of the membrane will bias reptation. For example, if the concentration of chaperonins is different on the cis and trans sides of the membrane, then the differential binding equilbria will bias reptation towards the side with the higher concentration. Moreover, the lumenal space of the ER contains enzymes that glycosylate many proteins. Attaching groups to a chain will inhibit its backwards fluctuations and so tend to rectify Brownian movements.
DIFFERENTIAL FOLDING
Virtually all biological polymers carry fixed charges-usually negative-that strongly affect their degree of coiling (18). If the ionic strength on the trans side of the compartment is higher than in the cis, counter ions will shield even though the rest of the chain may be moving to the left. Moreover, the tension in the internodal spring of each node that ratchets helps pull the rest of the chain through the TP. PROTEIN TRANSLOCATION 9 these charge interactions allowing the protein to entropically coil more tightly. Similarly, a reduced pH on the inside of the compartment will titrate charge groups on the chain; if this moves the net charge towards their isoelectric point, they will coil more compactly. A similar function may be served by a higher-than-cytosolic concentration of calcium in the lumen of the ER, in the matrix of the mitochondria, or in the periplasm of E. coli. Thus, if the chain coils more tightly in the cisternal space than in the cytoplasm, this will act as a ratchet for thermal motions, independent of the binding of heat shock proteins. This mechanism was suggested by Kagan et al. for diphtheria toxin (19) . However, since there is no systematic charge configuration that characterizes all translocated proteins, folding may not be a general mechanism for rectifying protein diffusion, though it may well assist in specific instances. There is evidence that the signal sequence itself can confer differential coiling potentials on a protein (20) . Numerous secreted proteins, such as bacterial alkaline phosphatase, are sensitive to protease prior to translocation but after signal peptide cleavage they fold into a tighter, protease resistant form.
Indeed, in situ a number of these mechanisms may be working in parallel. Binding of chaperonins, glycosylation of the translocated chain and cleavage of the signal sequence may all contribute to ensuring vectorial transport across the membrane.
MEMBRANE POTENTIAL
The Brownian ratchet hypothesis assumes that the diffusion of a protein back and forth through the pore is unbiased but once a step of a certain size is made the ratchet locks it in place. Alternatively, the diffusion itself could be biased. A voltage across the mitochondrial membrane is required for import of proteins (21) .
Mitochondrial proteins have, on the average, a pI 1.5 more basic than cytosolic proteins (22) . Thus the membrane potential of 50 mV (corresponding to 10 5 V/cm) would bias the reptation of mitochondrial proteins into the matrix.
Unfortunately, such a mechanism would retard the import of regions of proteins with local negative charges.
However, a membrane potential may facilitate the initial threading of the protein into the TP.
Many authors have proposed thermodynamic driving forces for translocation, including transmembrane differences in pH, ionic strength, membrane potential, or other electrochemical gradients. By examining the translocation process at a more detailed level, we can see that all of these driving forces can contribute to biasing the random diffusion of the translocating protein. Figure 4 summarizes the role of different factors in promoting translocation.
PROTEIN TRANSLOCATION Figure 4 . Summary of the various factors that bias the diffusion of a protein across the lipid bilayer. On the cis side of the membrane, at least three permissive processes allow translocation to proceed: chain extension by chaperonin binding or translocation, and removal of blocking chaperonins adjacent to the translocation pore. On the trans side of the membrane several processes may implement the ratchet mechanism, including binding of chaperones, glycosylation, disulfide bonding, and chain coiling. The latter processes can be promoted by appropriate chemical conditions, such as pH or ionic strength near the protein's pI, or by cleavage of the signal sequence. Any one, or a combination, of these processes will bias the diffusion of the chain through the pore.
Transmembrane proteins.
Membrane proteins present a special problem. They do not translocate entirely through the channel. Instead, they intercalate intermittent hydrophobic stretches into the lipid bilayer. An understanding of translocation must account for the ability of membranes to integrate some stretches of amino acids into the bilayer and translocate others across. To see how this could be accomplished by a Brownian ratchet mechanism we make the following four assumptions 4 . First, that the TP is composed of several subunits either of the same, or separate proteins (8;
23; 24; 25; 26). Second, that these subunits can thermally fluctuate radially, as suggested in Figure 5 . This If a nonhydrophobic segment is in the channel during a "breathing" fluctuation, it will remain in the channel for it is energetically unfavorable for it to partition into the bilayer. However, hydrophobic segments can partition into the bilayer. For latent transmembrane domains this is the desired result. However, this could lead to inappropriate integration of segments into the bilayer. This problem can be minimized if the time scale of a "breathing" fluctuation was rapid relative to the rate at which the protein moved across the membrane. The probability of integrating a polypeptide into the bilayer would be substantially increased if translocation and/or translation were slowed down during synthesis of latent transmembrane domains. Consistent with this assumption is the observation that ribosomes slow down when translating topogenic signal sequences (27) .
By studying the time scales and dynamics of membrane insertion we can ascertain if this model is plausible. It does not violate the laws of physics, but can it take place on the observed time scale? That is, how long must the chain remain in the pore until a sufficiently large lateral chain fluctuation and a "breathing" fluctuation of the channel occurs simultaneously? Simulation of the model can provide answers to these and other questions. (44) . While these may be important in specific cases, we propose a specific mechanism by which chaperonins are the provocateurs of chain movement. Consistent with this notion is the observation that solubilizing mitochondria precursors with urea bypasses both the requirement for heat shock proteins and the requirement for ATP (45) . This suggests that ATP is required only for the chaperonins. In contrast, even after ER-targeted translocation precursors are solubilized in urea, there is still a requirement for ATP (46) . These observations are in accord with our model. The Brownian ratchet model suggests two roles for the ubiquitous presence of chaperonins in the translocation process. On the cis side of the membrane they maintain the protein in an unfolded conformation. On the trans side they keep the protein from diffusing back through the TP.
The role of chaperonins
Discussion
Translocation of macromolecules across membranes is a robust and promiscuous process: almost any molecule can be translocated if given the proper signal sequence. Cytosolic proteins have been targeted to the ER, and ER proteins to the chloroplast. Even double-stranded DNA has been translocated into mitochondria (47) , and gold particles into nucleii when coupled to the proper signal-sequence (5). 5 This suggests that there is nothing special about the macromolecule that makes it "translocation competent", and so the mechanism that drives translocation must be equally nonspecific. We have shown that a Brownian ratchet mechanism is both nonspecific and fast enough to explain the observed rates of translocation. Moreover, our model predicts different functional dependencies on molecular size and kinetic rate constants, so that the model's predictions can be experimentally addressed.
What is the relationship of the Brownian ratchet mechanism to the limitations imposed by the Second Law of Thermodynamics that prohibits extracting work from an isothermal reservoir? Of course, the energy for translocation ultimately derives from the free energy associated with the various kinetic processes associated with translocation. For example, in the chaperonin model the sources of free energy are the difference in chaperonin concentration across the membrane and the binding energy of the chaperonin to the chain. In particular, the free energy of trans binding, ∆G b , must be large enough to ensure that a chaperonin is bound to the site just to the right of the membrane often enough, and tight enough, so as to prevent the chain from diffusing back through the TP. If ∆ G b ≈ kT, then the binding site will likely be empty when a reverse fluctuation occurs carrying the site back into the TP-or if the site is occupied, the force of its collision with the TP will dislodge it. A close inspection of each of the ratchet mechanism reveals that the ratcheting process requires a free energy source that derives ultimately from intermolecular bond energies. The contribution of our analysis is to provide a more detailed, mechanistic, look at how these free energies are transduced into directed motion of the chain through the TP.
There are a number of advantages to a Brownian ratchet mechanism for translocating proteins. First, it does not require that specificity be programmed into the translocating protein. This is consistent with the observation that many cytosolic proteins can be translocated if they are expressed with a signal sequence. Second, a Brownian ratchet provides specific physical mechanisms for transducing the chemical energy of ATP to mechanical movement (11) . Third, the translocating segment is not bound to specific proteins which leaves latent transmembrane domains free to partition laterally into the plane of the lipid bilayer. In contrast, the "pump" model for translocation lacks a mechanism for transducing ATP into movement and would seem to require specificity in the translocating chain. It is possible that ribosomal-based chain elongation may facilitate movement of the nascent chain across the bilayer. However, since numerous proteins can translocate post-translationally, this cannot be a general motive force for translocation. Finally, since several independent processes can promote biased diffusion (see Figure 4) , the Brownian ratchet mechanism provides a very reliable, fast, and nonspecific mechanism for 5 There are some exceptions to this rule, since translocation can be blocked by attaching other molecules to the chain. For example, coupling β-galactosidase to almost any protein that translocates post-translationally blocks the translocation process (48) .
PROTEIN TRANSLOCATION
13
translocation. By carefully defining and quantifying the parameters of the Brownian ratchet model it should be possible to predict rates of translocation as well as the effects of ionic strength, ∆pH, temperature, and protein flexibility on translocation rate. We hope that such quantification will help eliminate, or limit, various potential translocation mechanisms.
Macromolecules have to cross many different intracellular membranes. ATP binding cassette (ABC) proteins mediate the transport of peptides across the ER membrane for antigen presentation and toxins across bacterial membranes. Both proteins and RNAs move in both directions across the nuclear envelope. In all these cases rather hydrophilic molecules cross membranes, sometimes against a concentration gradient. In none of these cases has a mechanism for moving the macromolecules been implicated. The Brownian ratchet mechanism, with its virtue of nonspecificity, may drive these translocations. For example, mRNAs are associated with one set of proteins within the nucleus, but after transport into the cytosol they affiliate with a second set of proteins. Thus translocation through the nuclear pore involves an exchange of one set of proteins for another. This asymmetry in the nuclear pore, which selectively removes the nuclear proteins, would bias the thermal reptation of the molecules out of the nucleus. Similarly, the disposition of ATP binding regions in the ABC transporters may be to provide the asymmetry needed for vectorial movement across the membrane. It is tempting to speculate that Brownian ratchets may be a ubiquitous mechanism for moving macromolecules across biological membranes.
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APPENDICES
A. Brownian dynamics of a polymer chain
The model of a polymer reptating through a pore is formidable numerically, but intuitively, it is rather easy to understand. Therefore, we include here a semi-quantitative description of the model so as to make clear all of the underlying physics.
For expository purposes, we will describe a 1-dimensional version of the model; the 3-dimensional version-which contains certain essential generalizations-will be presented elsewhere. The equation describing the motion of a free chain is obtained by writing Newton's law for each "node" in the chain as follows: On each side of the membrane chaperonins are in chemical equilibrium with each subunit. Therefore, we must augment equation (1) with the kinetic equations for chaperonin binding to the polymer. We can do this by recognizing that each segment can be in one of two states: with or without a bound chaperonin:
The transition rates between these two states are given by the binding and dissociation rate constants, k b and k d , respectively: e.g. 1/k b = mean time for a free segment to bind a chaperonin. Segments with a bound chaperonin have a higher friction coefficient, f k , than free segments. More importantly, they interact with the translocation pore differently as follows.
The lipid bilayer is impermeable to the chain, and so we can model the membrane as a very high energy barrier.
The translocation pore, however, allows free subunits-those with no chaperonin bound-to pass through the membrane, but a subunit binding an chaperonin will see an energy barrier preventing its entry into the pore. Thus a segment approaching the pore will see a repulsive potential with the shape shown in Figure A1b . E mf is the energy barrier barring a free subunit from crossing the membrane, and E mb is the corresponding energy barrier for a bound subunit. The selective property of the translocation pore is contained in the following relationship:
i.e. the energy barrier is higher than thermal energy if a chaperonin is bound, but an unbound segment can pass freely through the pore.
The key to the Brownian ratchet is the asymmetrical rate constants by which the subunits change state: free ← → bound. We shall assume that the chaperonins are in abundance, so that the rates are pseudo-first-order. 
B. The maximum velocity of a Brownian ratchet
In this Appendix we show that the maximum average velocity of a Brownian ratchet is given approximately by:
where D is the diffusion coefficient for a rod of length L, δ is the distance between ratchet sites, k b and k d are the trans binding and dissociation rate constants, respectively. Consider a rigid polymer aligned along the x-axis with the right face of the membrane located at x = 0, as shown in Figure A2a . Chaperonins are on the trans side only, and their concentration is high enough so that the binding reaction is effectively first order.
Consider a particular chaperonin binding site in the interval (0,δ), and let t ≡ 0. be the time when it crosses the origin from left to right, and let t = τ be the time that the site reaches x = δ ( Figure A2 ). Thus at t = τ the next site reaches the origin and the process repeats itself. The first passage time for a site, τ, is the random variable whose mean value we seek. With this picture, we see that the trajectory, x(t), of a site on the interval [0,T] is a random walk, and the first passage time for x(t) through x = δ can be computed from the solution to the following pair of diffusion equations on x ε (0,δ):
with boundary conditions:
And (A8) + A(9) give:
Here p is the probability that a site entering at x = δ has an attached chaperonin. The equations and their boundary conditions are summarized in Figure A2b . Equation (A4) is the solution to this system for the case where p =
binding is nearly irreversible), then the translocation velocity becomes simply 〈v〉 = 2D δ
That is, a rectified random walk travels, on the average, twice as fast as an unrectified one. 6 From this result we can put some quantitative bounds on the translocation time of a protein. 
